We present 10 Be-based basin-averaged denudation rates for the entire western margin of the Peruvian Andes. Denudation rates range from c. 9 mm ka À1 to 190 mm ka À1 and are related neither to the subduction of the Nazca plate nor to the current seismicity along the Pacific coast and the occurrence of raised Quaternary marine terraces. Therefore, we exclude a tectonic control on denudation on a millennial time-scale. Instead, we explain >60% of the observed denudation rates with a model where erosion rates increase either with mean basin slope angles or with mean annual water discharge. These relationships suggest a strong environmental control on denudation.
| INTRODUCTION
The western margin of the Peruvian Andes is considered to be a prime example of a plate boundary where the oceanic Nazca plate has been subducting beneath the continental South American plate since at least Jurassic times (Isacks, 1988) . Because of active subduction, the Peruvian Andes have experienced frequent and strong earthquakes during their geologic history and still do nowadays (Nocquet et al., 2014) . Therefore, it is not surprising that erosion along the western Andean margin has been considered to depend strongly on the occurrence of earthquakes. This interpretation was proposed by McPhillips, Bierman, and Rood (2014) Be-based investigations have been conducted at a few sites only, interpretations about the primary controls on denudation have remained non-conclusive (Abb€ uhl et al., 2011; Bekaddour et al., 2014; McPhillips et al., 2014) . Here, we readdress this problem based on a dataset where we measured 10 Bebased denudation rates for all >700 km 2 basins along the entire western margin of the Peruvian Andes. We collected stream-sediment samples from 42 streams ( Figure 1 ) and analysed their concentrations of in situ produced cosmogenic 10 Be, based on which we inferred basinaveraged denudation rates. We then explored possible correlations between the denudation rate pattern, the basin's morphometric properties, the stream's mean annual runoff and the seismotectonic situation of the region. The scope is to explore whether denudation in this part of the Andes can best be explained by environmental conditions or rather reflects a response to the subduction processes and the related seismicity and uplift pattern.
of crustal blocks since at least Early Jurassic times (e.g., Isacks, 1988) . The Western Escarpment, the focus of this study, is a gently folded ramp, connecting the western margin of the Meseta and the Altiplano in northern and southern Peru, respectively, with the Pacific Ocean. It is composed of Late Oligo/Miocene fluviovolcanoclastic deposits near the Pacific coast that are underlain by Mesozoic tholeiitic arc rocks, marine backarc sediments (Vidal, 1993 ) and the Cretaceous Coastal Batholith, a suite of granitic to dioritic rocks with varying quartz contents ( Figure 1 ). The shortening and thickening of the Andes was associated with the topographic rise of the Altiplano Plateau to its current elevation (Barnes & Ehlers, 2009 ). The topographic rise also resulted in a change in atmospheric circulation and precipitation patterns, and river incision (Schildgen, Hodges, Whipple, Reiners, & Pringle, 2007; Thouret et al., 2007) . The morphology of the Western Escarpment can be characterized as a steep ramp, which was formed through uplift during the Miocene (Schildgen et al., 2007 (Schildgen et al., 2007) .
Strong N-S and E-W precipitation gradients and seasonality in the western Andes are related to the positions of the Andean jet and the Intertropical Convergence Zone, ITCZ (Garreaud, Vuille, & Clement, 2003 ; inset of Figure 1 ). On the western margin of the High Andes, precipitation rates decrease from~1000 mm a À1 near the Equator to <200 mm a À1 in northern Chile. During austral summer, the ITCZ is at its southernmost extent near the border between Peru and Bolivia, transferring humidity from the tropical Amazon basin and the Atlantic to the Altiplano (Garreaud et al., 2003) . During austral winter, the F I G U R E 1 Map of the western margin of the Peruvian Andes showing drainage basins that were sampled for 10 Be-based denudation rates, patterns of quartz contents of the underlying bedrock, which were estimated from the geological map of Peru and northern Chile (INGEMMET, 2011; SERNAGEOMIN, 2004 ) plus assignments of quartz contents for these lithologies (Carretier et al., 2015) , and contour lines of mean annual precipitation rates. The map also shows the major Peruvian cities. The inset shows a general overview of the atmospheric circulation pattern around the Intertropical Convergence Zone, ITCZ of South America T A B L E 1 Morphometric dataset for the sampled drainage basins. All calculations are based on the 90-m resolution DEM (SRTM; Jarvis et al., 2008) . Cosmogenic data from the Lluta basin are taken from Kober et al. (2009 ), while Abb€ uhl et al. (2010 Figure 4 . Catchment-averaged denudation rates were calculated using the CAIRN method developed by Mudd et al. (2016) using the SRTM DEM that we up-scaled to a 200-m resolution for computing efficiency purposes. Calculations were accomplished using the default parameters in CAIRN, which include a 10 Be half-life of 1.39 AE 0.01 Ma (Chmeleff et al., 2010; Korschinek et al., 2010 ) and a SLHL 10 Be production rate of 4.30 at.g À1 .a À1 (Braucher, Merchel, Borgomano, & Bourl es, 2011) and consider the neutrons, fast and slow muons attenuation lengths and contribution following Braucher et al. (2011) . We used a rock density of 2.65 g cm
À3
. Please note that Carretier et al. (2015) Be concentrations of quartz, extracted from stream sediments of the Piura River in northern Peru (Abb€ uhl et al., 2010) , the Pisco River (Abb€ uhl et al., 2011 ) and the Lluta River in northern Chile (Kober et al., 2009) were also considered (Table 1 ). All samples were processed for accelerator mass spectrometry measurements using the protocols of Akc ßar et al.
(2012). The measured 10 Be/ 9 Be ratios were normalized to ETH inhouse standard S2007N (Kubik & Christl, 2010 ) based on the 10 Be half-life of 1.39 AE 0.01 Ma (Chmeleff et al., 2010; Korschinek et al., 2010) . Reported 10 Be concentrations are corrected for procedural blanks; associated 1-sigma uncertainties include analytical counting errors on standard, blank and sample measurements ( Table 2 ). The catchment-averaged denudation rates reported in Table 2 were computed using the numerical solutions provided by Mudd, Harel, Hurst, Grieve, and Marrero (2016) , in which production and shielding for in situ 10 Be are calculated on a pixel-by-pixel basis. We did not con- for plutonic rocks, 5% for Mesozoic to Quaternary sedimentary rocks and 2% for the remaining lithotypes (e.g., volcanoclastic rocks). As will be shown later, this correction generally yields lower denudation-rate estimates, but does not affect their spatial pattern.
Catchment-scale morphometric parameters and characteristics (Table 1) (Table 4) . T A B L E 3 Hydrological dataset including information about gauging stations, related records and TRMM-based precipitation rates. The precipitation data are derived from the medium-resolution (c. 25 9 25 km) rainfall dataset TRMM V6.3B43.2 (Huffman et al., 2007) averaged over 12 years from 1998 to 2010. We resampled this dataset to a 1 9 1 km grid in order to ensure adequate coverage for each drainage basin. The estimated runoff is extracted and computed from this precipitation data. Number of the national gauging station used for averaging an annual runoff. These latter data are taken from the SNIRH (Sistema Nacional Values in bold are different from 0 with a significance level alpha = 0.05.
F I G U R E 2
Patterns of 10 Be-based catchment-averaged denudation rates plus tectonic situation including the depth of the subducted slab (solid and dashed brown lines); slab depths, taken from earthquake.usgs.gov/data/slab/, are indicated in kilometres. The map also illustrates the locations of active volcanoes during the Holocene, the location of the buoyant Nazca ridge plus patterns of earthquake occurrence. Interestingly, basins with fast and slow denudation rates are situated in all litho-tectonic and geodynamic positions. This implies that tectonic processes do not exert a strong control on the denudation rate pattern. The purple strip east of the trench axis corresponds to the swath over which the historical earthquake data, presented in Figure 3 , have been presented. The thick brown line delineates the swath over which elevation data of the coastal segment are displaced in Figure 3 4 | RESULTS
Concentrations of in situ produced 10
Be in the quartz fraction of river sediments range from 6 9 10 4 to 1 9 10 6 at. g Table 2 ). The
10
Be concentrations result in basin-averaged denudation rates that range between 10 mm ka À1 and 260 mm ka À1 (Table 2) .
Basins located in northern Peru and northern Chile yielded the lowest values, with denudation rates ranging from c. 40 mm ka À1 to 10 mm ka À1
. Denudation-rate estimates that were corrected for differences in the relative quartz contents of the bedrock are 30% lower and range from 9 to 190 mm ka À1 (Table 2, Figures 2 and 3e) , albeit with a similar spatial distribution to the non-corrected ones ( Table 2 ). Note that the lower rates result from low 10 Be production rates for the coastal batholith, which has relatively high quartz contents, but is situated at lower elevations. We will use these latter rates, which we have corrected for differences in quartz contents, in the following analysis.
A closer inspection of the denudation-rate pattern shows that the corresponding values are independent of the basins' seismotectonic situation. In particular, the coastal segment south of 13°S and F I G U R E 3 Topography of the subducting Nazca plate, where slab-depth data have been extracted from earthquake.usgs.gov/data/slab/. This N-S projection also illustrates (a) tectonic lineaments such as submarine ridges and fracture zones-MFZ: Mendaña Fracture Zone; NFZ: Nazca Fracture Zone; (b) Holocene volcanoes; (c) earthquake data, taken from earthquake.usgs.gov/earthquakes/search/; number of earthquakes M > 4 within a 30-km radius window; the 100-km wide swath along which earthquake data have been sampled is illustrated in Figure 2 as a purple strip adjacent to the trench; (d) coastal elevation; the data have been extracted from a 20-km wide swath profile along the coast; the sampling window is illustrated by a thick brown line in Figure 2 ; the three lines represent maximum, mean and minimum elevations within the selected swath; (e) catchment-averaged denudation rates have been corrected for quartz contents ( Table 2 ). The latitudes represent the centroids of the basins (Table 1) , which might deviate from the locations of the sample sites particularly 16°S, where raised Quaternary marine terraces (Regard et al., 2010) suggest the occurrence of surface uplift, does not necessarily correspond with the region where denudation rates are highest (Figure 3) , because values as high as 190 mm ka À1 are also encountered farther north where the coastal plain has been subsiding (Hampel, 2002) .
Likewise, segments where the Nazca plate subducts at a shallow angle and where the current seismicity implies a low degree of interseismic coupling (between 4°S and 17°S latitudes; Nocquet et al., 2014) do not correlate with a distinct denudation rate pattern either (Figure 3) . Finally, there is no obvious correlation between the denudation rates and the pattern of earthquake frequencies (Figure 3c ).
Positive correlations, albeit with a rather weak correlation coefficient Figure 4a ). However, the relationships between denudation and mean basin slope are better explained by a non-linear diffusive mass transport model ( Fig. 4b ; e.g., Roering, Kirchner, & Dietrich, 1999) :
where denudation rate D is proportional to mean basin slope S for low gradients, while these relationships become non-linear for slopes approaching a critical value S cr , which in our case equals 27.5°. Here, K represents the transport coefficient (Figure 4b ).
Because the results of the Pearson correlation coefficient analysis reveal that runoff and mean basin slope are independent (Table 4) , we additionally explored whether an empirical bilinear regression model is capable of explaining the spatial distribution of denudation rates along the western margin of the Peruvian Andes.
This model considers runoff and slope as variables and has the form: 
| DISCUSSION AN D CONCLUSION
It has been proposed that erosion along the western Andean margin is strongly controlled by the seismicity pattern (McPhillips et al., 2014) .
Although earthquakes in combination with strong rainfall events (Bekaddour et al., 2014) Be-depleted sediments to the river load, and could yield, in turn, overestimated denudation estimates (Delunel, van der Beek, Bourl es, Carcaillet, & Schlunegger, 2014) . Contrariwise, Rio Santa's denudation rate appears lower than predicted (Figure 4c ), possibly due to the presence of sedimentary basins at the foothill of the Cordillera Blanca (Margirier et al., 2015) that could act as a sediment trap, thereby decoupling the basin's sediment and water budgets and yielding an overestimated model prediction of the denudation.
In conclusion, neither flat-slab subduction nor along-strike differences in the seismic coupling between the Nazca and South American plates (Nocquet et al., 2014) appear to have exerted a measurable control on the denudation rate pattern at the basin scale along the western margin of the Peruvian Andes. Instead, a combination of runoff and mean basin slope appears to explain >60% of the denudation rate data, thus pointing to a strong environmental control on the erosional pattern in this part of the Andes. Similar relationships have been found for Northern Chile at c. 18°S where the climate is hyperarid (Kober et al., 2009 ) and for the western Andean margin south of 27°S, where the climate turns wetter (Carretier et al., 2013) . We do not exclude a tectonic forcing on the landscape form, as the initiation of headward-retreating knickzones and the establishment of high topographies were certainly driven by tectonic uplift (Schildgen et al., 2007) . While these forces have to be considered for time-scales spanning some Ma, we propose that for shorter time intervals spanning some thousand years, erosion along the western Andean margin has primarily been controlled by climate variables.
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